Introduction
Chemical pesticides are still considered to be a useful technology providing benefits in terms of increasing production and quality of agriculture. They are widely used in pre-and post-harvest treatments, both legally and illegally by many farmers. The misuse of pesticides together with the slow degradation of pesticides, itself, cause many harmful effects to the environment and humans. [1] [2] [3] [4] Many control authorities in each country, such as United States Department of Agriculture (USDA), 5 European Commission, 6 and the Ministry of Health, Labor and Welfare (Japan), 7 have established a maximum residue limit (MRL) as part of the quality control of agricultural products to protect the environment and consumer health. To meet the demands of consumers, farmers, business interests, and regulators, efficient analytical methods for pesticide determinations are required. 8 Standard analytical methodologies used for the analysis of different types of pesticides contaminated in agricultural products and environmental samples are mainly based on gas chromatography (GC) or liquid chromatography (LC) coupled to mass spectrometry (MS). However, both GC-MS and LC-MS require sample preparation prior to detection, and each step causes errors and is time consuming. Therefore, an ease of use, speed of analysis, high sensitivity and high-throughput analytical method is now desired. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was previously proposed as an alternative analytical tool for pesticide analysis; however, only 3 pesticides were attempted without arguing quantitativity and sensitivity concerning a MALDI-MS measurement. 9 In addition, the advantages of MALDI-MS include the simplicity of obtained spectra, wide applicability combined with a good tolerance toward contaminants, and the ability to analyze complex mixtures without any need to separate the components prior to analysis. Previously, we reported the applicability of MALDI-MS for low-molecular-weight compounds, such as biological metabolites with fmol sensitivity with a practically reliable quantitativity for metabolomic studies. [10] [11] [12] These results indicate that MALDI-MS is not only high throughput but also a highly sensitive analytical method that can analyze biological metabolite even from single mammalian cell.
In the present study, we investigated the applicability of MALDI-MS as a high throughput for low molecular weight pesticide determination. The quality of the MALDI spectra depends on the matrices and there is no universal sample preparation protocol for all analytes and analytical problems in MALDI-MS. Also, there are numbers of commercial available matrices, many pesticides with different chemical properties and many of matrices are analyte-specific. 13 Therefore, it is necessary to screen for the most versatile matrices with applicability to a wide range of pesticides.
Experimental

Reagents and chemicals
Fifteen representative standard pesticides, as shown in Table 1 , were used as model pesticides. Individual stock standards were prepared in methanol at a concentration of 1 mg/mL. Twenty-six commercially available matrices (Table S1 , Supporting Information) were used and each matrix solution was prepared at 20 mg/mL in 50% acetronitrile with 0.1% trifluoroacetic acid.
The application of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) for pesticide analysis was demonstrated. Fifteen pesticides were chosen as the model pesticides and twenty-six MALDI matrices were screened for the most suitable matrix. Under the optimized conditions, the obtained limits of detections were lower than the maximum residue limit values stated with 12 pesticides out of 15 tested. The proposed methodology showed a good analytical performance in terms of rapid, good sensitivity and high throughput of the method as an alternative method for pesticide residues evaluation. 
Notes
Sample preparation
A standard pesticide solution was mixed 1:1 with a matrix solution and 1 μL of the mixture was spotted onto the well of a 384-well MALDI plate and dried at room temperature before further analysis by MALDI-MS.
Mass spectrometry
All samples were analyzed by MALDI-MS (AXIMA Performance, Shimadzu, Japan). Calibration was performed using a Waters MassPREP Calibration Mix-DIOS Low Mass (1 -1500 m/z) (Waters Corp., Milford, USA) for the positive mode. The acceleration potential (the frame collision energy) was 20 keV. Spectra were acquired in the high-resolution reflectron mode. A nitrogen laser (λ = 337 nm) was employed as the irradiation source. Two shots per profiles and 242 profiles per spot were applied for each spectrum collected.
Results and Discussion
Selection of MALDI matrices
Twenty-six commercially available MALDI matrices were screened as potential matrices in the MALDI-MS for pesticides analysis. Each pesticide was analyzed in various matrices while varying the laser energy; the experiment was replicated five times to ensure reproducibility and to reduce the variability, which significantly occurs in the MALDI signal even when the same sample is analyzed repeatedly. 14 The obtained signal-to-noise (S/N) ratios were used as criteria to compare between the matrices.
Most of the matrices tested gave strong S/N ratios with a sample concentration of 1 mg/mL. Among the matrices used, CHCA and DHB proved to be the appropriate matrices for the positive mode ionization. Fourteen from fifteen pesticides were able to ionize by CHCA and DHB; by using these two matrices, the determination of all selected pesticides could be covered. Besides CHCA and DHB, caffeic acid, ferulic acid, nitroaniline, sinapinic (SA) acid, super-DHB (mixture of 2,5-dihydroxybenzoic acid and 5-methoxysalicylic acid, Bruker Daltonics, Germany) and trihydroxyacetophenone (THAP) were the second choice of matrices for pesticide analysis used in this study (Table S2 , Supporting Information). The result indicated that MALDI matrices with acidic compounds would be appropriate matrices for pesticide studies. This result is in accordance with a previous investigation by Cheng and Hercules. 9 They reported that CHCA and DHB were the suitable matrices for pesticides (paraquat, diquat and difenzoquat) studies. Moreover, the numbers of studies reported that derivatives of carboxylic acids, such as benzoic acid (DHB) and cinnamic acid (caffeic acid, CHCA, ferulic acid and SA) were most commonly used and recognized early on as good MALDI matrices especially for protein studies. 15 Recently, related aromatic compound matrices, basic matrices, non-polar matrices and binary matrix solutions were also introduced for MALDI matrices in different fields of studies. [16] [17] [18] On the other hand, no signal was observed from all model pesticides in the analysis using aminopyridine, harmalol, and naphthalenesulfonic acid as matrices in the positive mode. This was possibly caused by the differences of the proton affinities between these matrices. Also, the tested pesticides are inefficient for the proton-transfer reaction.
We also checked the optimal laser energy for both DHB and CHCA for pesticide analysis. The laser energy was varied from 40 -120 laser units and adjusted to give a high signal intensity. The required laser energy for CHCA and DHB for ionization to exhibit strong signal intensity was in the range of 70 -75 and 95 -100 laser units, respectively ( Table 2 ). The analysis indicated that the amount of laser energy required to ablate each selected pesticide into the gas phase depends on both the matrix and the nature of the pesticide itself. The result from this study is in agreement with a report of Wetzel and coworkers. 19 They studied the molecular mass distribution of synthetic polymers and found that the effects of the laser energy on the molecular mass distribution of the polymers were matrix dependent. Furthermore, a higher laser energy applied for comparable desorption/ionization efficiency resulted in higher fragmentation and increasing the background noise. Therefore, the lower laser energy required for ionization while demonstrating a signal intensity is a better choice of matrix for MALDI-MS.
LODs
The optimized method was employed to evaluate the detection limit of each pesticide by the serial dilution experiments of the standard pesticide solution. As shown in Table 2 , under the optimal conditions (matrix and laser energy), the limits of detections (LODs) values ranged between 1 -0.001 ppm, and all calibration curves were found to have good linearity with correlation coefficients (r 2 ) larger than 0.97 with 3 exceptions of 0.9403 (halosulfuron-methyl), 0.8843 (thenylchlor) and 0.8650 (flutolanil). From 15 model pesticides, the obtained LODs from 12 pesticides were lower than the MRL values stated. Three other pesticides, which were azoxystrobin, halosulfuron-methyl and probenazole, were more problematic and gave LODs higher than the controlled MRL values. However, by using ten-times preconcentration of azoxystrobin, halosulfuron-methyl and probenazole, the sensitivity was enhanced up to the regulated MRL values.
MALDI-MS has been used in the qualitative analysis of large molecules, in particular peptides, proteins, oligosaccharides and synthetic polymers. There are few reports concerning its quantitative applications.
The MALDI-MS analytical methodology developed in this study revealed that this analytical tool could be applied for quantitative pesticides determination.
Comparing GC-MS and LC-MS, the standard analytical methodologies used for pesticide examination, we found that the proposed approach has given excellent results and can be recommended as an alternative method for a routine tool in monitoring pesticide residues. The proposed MALDI-MS in this study can be summarized as follows: (i) fast and simple; (ii) requiring small sample sizes and reducing solvent consumption; (iii) minimizing steps in sample preparation without any clean-up and/or derivatization; (iv) achieving enough sensitivity at the respective MRLs stated by the Ministry of Health, Labor and Welfare (Japan); (v) high throughput for pesticide determination.
Supporting Information
These materials are available free of charge on the Web at http:// www.jsac.or.jp/analsci/. Table 2 Matrix and laser power used, correlation coefficients (r 2 ), limit of detection (LOD) and detected molecular ions of the pesticides studied a. Laser power unit was defined by Shimadzu (Japan). b. The largest intensity among 3 adduct ions was shown on the top. c. Spectral data were shown in Fig. S1 (Supporting Information). d. The value presented is higher than the controlled MRL values.
